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In an approach directed to isolate and characterize 
key proteins of the transduction cascade in photorecep- 
tors using the phosphoinositide signaling pathway, we 
have isolated the Calliphora homolog of the Drosophila 
InaD gene product, which in Drosophila InaD mutants 
causes slow deactivation of the light response. By 
screening a retinal cDNA library with antibodies di- 
rected against photoreceptor membrane proteins, we 
have isolated a cDNA coding for an amino acid sequence 
of 665 residues (A£ = 73,349). The sequence displays 
65.3% identity (77.3% similarity) with the Drosophila 
InaD gene product. Probing Western blots with mono- 
specific antibodies directed against peptides compris- 
ing amino acids 272-542 (anti-/jfjaD-(272-542)) or amino 
acids 643-655 (anti-//?a/)-(643-655)) of the InaD gene 
product revealed that the Calliphora InaD protein 
is specifically associated with the signal-transducing 
rhabdomeral photoreceptor membrane from which it 
can be extracted by high salt buffer containing 1.5 m 
NaCl. As five out of eight consensus sequences for pro- 
tein kinase C phosphorylation reside within stretches of 
10-16 amino acids that are identical in the Drosophila 
and Calliphora InaD protein, the InaD gene product is 
likely to be a target of protein kinase C. Phosphoryla- 
tion studies with isolated rhabdomeral photoreceptor 
membranes followed by InaD immunoprecipitation re- 
vealed that the InaD protein is a phosphoprotein. In 
vitro phosphorylation is, at least to some extent, Ca 2+ - 
dependent and activated by phorbol 12-myristate 13- 
acetate. The /naC-encoded eye-specific form of a protein 
kinase C (eye-PKC) is co-precipitated by antibodies spe- 
cific for the InaD protein from detergent extracts of 
rhabdomeral photoreceptor membranes, suggesting 
that the InaD protein and eye-PKC are interacting in 
these membranes. Co-precipitating with the InaD pro- 
tein and eye-PKC are two other key components of the 
transduction pathway, namely the trp protein, which is 
proposed to form a Ca 2+ channel, and the norpA-en- 
coded phospholipase C, the primary target enzyme of 
the transduction pathway. It is proposed that the rise of 
the intracellular Ca 2+ concentration upon visual excita- 
tion initiates the phosphorylation of the InaD protein by 
eye-PKC and thereby modulates its function in the con- 
trol of the light response. 
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Phototransduction by rhabdomeral photoreceptors, particu- 
larly of Drosophila compound eyes, has become an important 
model system for the ubiquitous phosphoinositide-mediated 
signal transduction. The progress achieved In this field is based 
on the powerful genetic and molecular biological techniques 
available for Drosophila, which have been successfully comple- 
mented by biochemical studies in other flies such as Calliphora 
and Musca. Despite the rapid progress that has been achieved 
in the understanding of sensory transduction mechanisms in 
recent years, the phototransduction cascade operating in this 
type of sensory cells has not yet been entirely resolved. In 
particular, the biochemical processes regulating the recovery 
and adaptation of the visual response in rhabdomeral photore- 
ceptors are still obscure. 

Extracellular Ca 2+ enters the photoreceptors through ion 
channels and is required for rapid recovery of visual excitation 
(1-5). A major portion of the Ca 2+ influx into the photoreceptor 
cell appears to be carried by a Ca 2+ -selective class of channels 
that depend on, or may indeed be formed by, the transient 
receptor potential {trp) 1 protein (6, 7). The primary structure of 
this tip protein was identified simultaneously by Wong et al (8) 
and Montell and Rubin (9), and the trp gene product was shown 
to be localized to the rhabdomeral photoreceptor membranes. 
Direct measurements of the extracellular Ca 2+ concentration 
revealed a decline of extracellular Ca 2+ upon illumination in 
the eyes of wild type flies, which is significantly reduced in trp 
mutants (4). Signal transduction is also impaired in two other 
Drosophila mutants, inaC and InaD, which were originally 
classified as inactivation-no afterpotential mutants by Pak 
(10). While the InaD gene product is an 80-kDa protein of 
unknown function (11), the inaCgene was shown to encode an 
eye-specific protein kinase C (eye-PKC) (12, 13). Thus, it is 
tempting to assume that the Ca 2+ -dependent deactivation of 
the visual response is controlled by phosphorylation of photo- 
receptor-specific proteins associated with the rhabdomeral pho- 
toreceptor membrane. Identified proteins that undergo light- 
dependent phosphorylation are rhodopsin and arrestin 2 (14- 
17). However, neither rhodopsin nor arrestin 2 were found to be 
phosphorylated by the inaC protein because phosphorylation of 
activated rhodopsin is not enhanced by Ca 2+ (14, 15), and the 
Ca 2+ -stimulated phosphorylation of arrestin 2 has been shown 
to result from the activation of a Ca 2+ -calmodulin-dependent 
protein kinase (17). Accordingly, the target proteins of eye- 
specific protein kinase C have yet to be specified. 

In an attempt to identify proteins that are part of the bio- 
chemical pathway in rhabdomeral photoreceptors, we have 
used an immunological approach to isolate Calliphora cDNA 
clones, which encode photoreceptor membrane proteins. Anti- 
bodies directed against purified rhabdomeral membranes (18) 



1 The abbreviations used are: trp, transient receptor potential; inaC, 
inactivation-no afterpotential C; InaD, inactivation-no afterpotential D; 
norpA, no receptor potential A; PAGE, polyacrylamide gel 
electrophoresis. 
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were generated and employed for the isolation of genes encod- 
ing rhabdomere-specific proteins. By this approach, we have 
cloned the Calliphora homologs of the Drosophila InaD, inaC, 
and trp genes. In the present paper we show that the InaD gene 
product is associated with the rhabdomeral photoreceptor 
membrane and that it is a putative substrate of eye-PKC. We 
also provide for the first time evidence for an interaction among 
eye-PKC, InaD protein, trp protein, and the norpA- (no receptor 
potential A) encoded phospholipase C. 

EXPERIMENTAL PROCEDURES 

Fly Stocks— Calliphora erythrocephala Meig., chalky mutant, was 
reared on bovine liver to maintain a high rhodopsin content in the eyes. 
Adult male flies were raised at 25 °C in a 12 h light/12 h dark cycle and 
were used for the experiments at an age of 8-10 days posteclosion. 

Generation of Antibodies — Immunization of rabbits was performed 
according to standard protocols (19). Isolated rhabdomes of 700 Calli- 
phora eyes were used for each of the four injections. Final blood sam- 
pling was 4 months after the first injection. The obtained antiserum 
was purified on protein A-agarose columns (Bio-Rad Life Technologies, 
Munich) as described (19). 

Polyclonal anti-InaD antibodies were generated as follows: a DNA 
fragment encoding the 23 C-terminal amino acids of the Calliphora 
InaD protein was amplified by polymerase chain reaction from cloned 
cDNA using sequence- specific primers. The polymerase chain reaction 
product was cloned into the expression vector pQE40 (Qiagen, Hilden/ 
Germany) in frame with six His codons and the dihydrofolate reductase 
gene. Fusion proteins were expressed in Escherichia coli M 15 (pREP4), 
extracted with urea and purified on Ni + - agarose columns according to 
the manufacturer's instructions. Purified fusion proteins were dialyzed 
against phosphate- buffered saline (137 mM NaCl, 3 mM KC1, 8 mM 
Na 2 HP0 4 , 2 mM KH 2 P0 4 , pH 7.2) and used for the immunization of a 
rabbit (200 /xg of protein/injection). Antibodies were purified from the 
antiserum by affinity chromatography on HiTrap columns (Pharmacia, 
Freiburg/Germany), which had previously been coupled with 1 mg of 
the antigen as described by the manufacturer. The purified antibodies 
are hereafter referred to as antl- InaD {643- 665), according to the InaD 
peptide from which they were raised. A second anti-InaD antibody 
(an ti-InaD (272-542)) was generated and purified in the same way by 
using a recombinantly expressed peptide comprising amino acids 272- 
542 of the Calliphora InaD protein. 

For the production of anti- Calliphora trp antibodies a partial Calli- 
phora cDNA clone encoding the C-terminal half of the trp protein was 
expressed in E. coli Ml 5 (pREP4), and the expression product was used 
as an antigen. Antibodies directed against the Calliphora inaC protein 
and the a-subunit of the eye-specific G-protein were raised against 
bovine serum albumin- coupled synthetic peptides (CYMNPEFITMI 
and QNALKEFNLG, respectively), which correspond to the C-terminal 
region if these proteins. Antibodies directed against the Drosophila 
norpA- encoded phospholipase C and against the )3-subunit of the G- 
protein, which also detect the corresponding Calliphora proteins, were 
a generous gift of R. Shortridge (20) and J. B. Hurley (21). 

Construction of a Calliphora Retinal cDNA Library, Immunoscreen- 
ing, and Sequencing—A Calliphora retinal cDNA library was prepared 
in the UniZAP XR vector (Stratagene, Heidelberg/Germany) according 
to the manufacturer's instructions, using poly(A) + RNA isolated from 
500 Calliphora retinae. Screening of the library with antibodies against 
rhabdomeral proteins was performed as described by Sambrook et al. 
(22). Expression of recombinant proteins was induced by applying ni- 
trocellulose filters preincubated in 1 mM isopropyl-/3-D-thiogalactopy- 
ranoside 3 h after plating the phages. After an additional incubation for 
4 h at 37 °C the filters were removed from the plates, washed briefly in 
Tris-buffered saline (20 mMTris/HCl, pH 7.5, 150 mM NaCl), blocked for 
2 h at 25 °C in 3% bovine serum albumin in Tris-buffered saline, and 
incubated overnight at 25 °C in the same solution containing yiooo 
volume of antiserum. Binding of primary antibodies was detected using 
alkaline phosphatase- conjugated protein A and with nitro blue tetra- 
zolium/X- phosphate as a chromogen. Positive clones were rescreened, 
and plasmid DNA was obtained by in vivo excision. The nucleotide 
sequence of the longest cDNA clone was determined for both strands by 
the dideoxy chain termination method (23) using templates generated 
by nested deletions. 

Isolation of Photoreceptor Membranes, SDS-PAGE, and Western Blot 
Analysis— Isolation of total eye membranes and rhabdomeral photore- 
ceptor membranes was performed as described previously (15, 18). Low 
salt extractions were carried out in 3 mM EGTA, 1 mM dithiothreitol in 



5 mM sodium phosphate buffer, pH 6.2, for 10 min on ice. 50 mM sodium 
phosphate buffer, pH 6.2, containing 1.5 M NaCl was used for high salt 
extractions of purified photoreceptor membranes. After complementing 
extracts with 5 x SDS-PAGE buffer (1 X SDS-PAGE buffer: 4% SDS, 
1% 2-mercaptoethanol, 1 mM EDTA, 15% glycerol in 65 mM Tris/HCl, 
pH 6.8) or solubilizing membrane proteins in 1 X SDS-PAGE buffer, the 
proteins were separated by SDS-PAGE according to Laemmli (24) on 
8-20% gradient gels (Pharmacia Midget System). Following SDS- 
PAGE, proteins were transferred to polyvinylldene difluoride mem- 
branes (Bio-Rad), and Western blot analysis was performed using 
standard protocols (19). 

Immunoprecipitation of the InaD Protein — Proteins were extracted 
from purified rhabdomeral membranes of 30 Calliphora eyes in 30 jil of 
Triton X-100 buffer (1% Triton X-100, 150 mM NaCl, 50 mM Tris/HCl, 
pH 8.0, and 1 mM phenyl methylsulfonyl fluoride) for 15 min at 4 °C. The 
extract was added to 10 /xl of protein A/G-agarose beads (Pierce), which 
had previously been incubated with anti-Zr?a£> (27 2-542) for 1 h. Im- 
munoprecipitation was performed for 2 h at 4 °C and was followed by 
four washes with 500 p\ of Triton X-100 buffer. Precipitated proteins 
were eluted from protein A/G-agarose beads with 15 of 1 X SDS- 
PAGE buffer for 10 min at 80 °C and were subjected to SDS-PAGE and 
Western blot analysis. 

Protein Phosphorylation and Dephosphorylation— -The standard as- 
say for protein phosphorylation was carried out in a buffer containing 
Hepes-buffered saline (115 mM NaCl, 2 mM KC1, 10 mM Hepes), pH 6.8, 
2 mM MgCl 2 , 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 
125 /iM EGTA, 250 \fiA CaCl 2 , and purified photoreceptor membranes 
from 10 fly retinae per sample. When indicated, phorbol 12-myristate 
13-acetate or bisindolylmaleimide I (Calbiochem, Bad Soden/Germany) 
were added at a final concentration of 1 /xM or 0.2 /iM, respectively. The 
phosphorylation reactions were started by the addition of 2 mM ATP 
supplemented with 2 /iCi [y- 32 P]ATP (Amersham Buchler, Braun-. 
schweig). The free Ca 2+ concentration in these assays, calculated ac- 
cording to Fabiato (25), was 60 /llM. Phosphorylation reactions that 
contained nominally zero Ca 2+ were supplemented with 2 mM EGTA to 
remove internal Ca 2+ , and no external Ca 2+ was added. The soluble 
fraction of retinal proteins used in recombination experiments was 
obtained by homogenizing retinae in a small volume (about 0.5 fxl/ 
retina) of 1 mM phenylmethylsulfonyl fluoride in water and subse- 
quently separating the soluble and particulate fraction by centrifuga- 
tion at 50,000 X g for 10 min. Aliquots of soluble proteins of six retinae 
were added per sample in recombination experiments. Rhabdomeral 
photoreceptor membranes were prepared under dim red light. For ac- 
tivating light-dependent metarhodopsin phosphorylation, samples were 
illuminated with blue light for 2 min immediately before the reactions 
were started. In some cases blue light illumination was omitted as 
noted in the figure legends. If not indicated otherwise, the phosphoryl- 
ation was carried out for 5 min at 20 °C in the dark. Thereafter, 
membranes were sedimented at 13,000 x g at 4 °C for 10 min, and 
proteins were extracted with high salt buffer, Triton X-100 buffer, or 
SDS-PAGE buffer and were subjected to SDS-PAGE or were immuno- 
precipitated as described above. For measuring phosphorylation time 
courses, reactions were terminated by adding 5 x SDS-PAGE buffer at 
the indicated times, and the whole sample was subjected to SDS-PAGE. 
The amount of protein loaded was visualized by staining the gels with 
Coomassie Blue, and protein phosphorylation was detected by autora- 
diography using Kodak BiomaxMR films. Quantification of the relative 
amount of radioactivity present in a protein band was performed with 
a phosphor imager (FUJIX BAS 1000, Fuji). For determining the stoi- 
chiometry of phosphorylation the radioactivity of cut-out protein bands 
was measured in a scintillation counter. The amount of InaD protein 
present in the InaD protein band was calculated by laser densitometry 
using bovine serum albumin as a standard. 

RESULTS 

Isolation and Characterization of Calliphora InaD 
cDNAs— Antibodies directed against proteins of the fly photo- 
receptor membrane had been generated by immunizing rabbits 
with rhabdomes {i.e. a subcellular fraction composed of the 
rhabdomeral photoreceptor membranes and the intraomma- 
tidial matrix; see Ref. 18) isolated from 2800 Calliphora eyes. 
The resulting antiserum was used to immunoscreen a Calli- 
phora retinal cDNA library. Out of 280,000 clones screened, 
200 clones expressed polypeptides that reacted with the anti- 
serum. Partial sequencing analysis revealed that the positive 
clones isolated so far encode at least six different proteins. 
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Work presented in this study focuses on clones that show 
homology to the recently published Drosophila InaD gene (11). 

We obtained 14 cDNA clones coding for the Calliphora hom- 
olog of InaD and determined the nucleotide sequence of the 
longest cDNA for both strands. This clone contained a 201 -base 
pair 5 '-untranslated region, a 1995 -base pair open reading 
frame encoding a polypeptide of 665 amino acids (M r = 73,349), 
and a 194-base pair 3 '-untranslated region. The translation 
initiation site was assigned arbitrarily to the first AUG' of the 
open reading frame at nucleotide 202, which is preceded by a 
stop codon at nucleotide 196, and fits well with the consensus 
sequence for translation initiation sites in Drosophila, (CI 
A)AA(A/C)AUG (26). Alignment of the deduced amino acid 
sequence of the Calliphora cDNA clone with the Drosophila 
InaD sequence (Fig. la) shows that the two proteins display 
65.3% overall amino acid identity and 77.3% similarity if con- 
servative substitutions are taken into account. Furthermore, 
both proteins share similar biophysical characteristics, /,& the 
same predicted isoelectric point of 8.6, a high abundance of 
basic (Lys, Arg, His) and acidic (Asp, Glu) amino acids that 
together comprise more than 30% of the polypeptide, and sim- 
ilar hydrophilicity profiles (Fig. \b) that reveal no stretches of 
hydrophobic sequences of 20 or more residues in length. 

Two repeats of 40 amino acids (underlined in Fig. la) that 
were shown to share limited sequence homology with the Dro- 
sophila disc-large (Dig), the rat post-synaptic density protein 
(PSD95), the vertebrate tight junction protein ZO-1, and the 
human ROS protein (see Ref. 11 and references therein), are 
highly conserved (90% similarity) between the Calliphora and 
Drosophila InaD proteins, implying a common functional role 
within the family of proteins that contain these repeats. On the 
other hand, repeats consisting of Gly-(Gln/Met), which are 
present in the Drosophila InaD sequence between amino acids 
142 and 158, are not found in the Calliphora sequence. Indeed, 
the region between residues 106 and 183 is the least conserved 
part of the two proteins. The only common feature within this 
region is the relatively high abundance of glutamine residues. 
Another striking sequence motif, which is present in the Cal- 
liphora and the Drosophila InaD protein, is the highly hydro - 
philic cluster of lysine and glut am ate residues between amino 
acids 454 and 473 (indicated by bars in Fig. lb). While potential 
phosphorylation sites of cAMP- and cGMP-dependent protein 
kinase and tyrosine kinase present in the Drosophila sequence 
at Thr 169 and Tyr 203 , respectively, are not found in the Calli- 
phora sequence, eight potential phosphorylation sites of pro- 
tein kinase C are conserved (Fig. la). Finally, two potential, 
glycosylation sites at Asn 168 and Asn 312 (Drosophila) or Asn 162 
and Asn 303 (Calliphora) are found at similar positions in both 
sequences. 

Identification and Localization of the InaD Protein by Mono- 
specific Antibodies— In order to obtain more detailed informa- 
tion on the function of InaD in fly phototransduction, it is 
crucial to know whether the InaD gene product is a membrane 
protein, and if so whether it resides in the rhabdomeral mem- 
brane. Isolation of the InaD clone by means of an anti-rhabdom 
serum already suggests that the InaD protein is associated 
either with rhabdomeres or with the intraommatidial (extra- 
cellular) matrix of the photoreceptor cells. The InaD protein 
was identified on Western blots using monospecific anti-InaD- 
(643-665) . and anti-/ha£-(272-542) antibodies that were 
raised against peptides containing the 23 C -terminal amino 
acids and amino acids 274-542 of the Calliphora InaD protein, 
respectively. Both antibodies bind to a single protein with an 
apparent molecular mass of 75 kDa (Fig. 2), The apparent 
molecular mass of 75 kDa is in line with the molecular mass 
deduced from the cDNA sequence (73,349 Da). This demon- 
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Fig. 1 . Comparison of the primary structure of t lie Drosophila 
and Calliphora InaD protein, a, alignment of the deduced amino 
acid sequences of the Drosophila and Calliphora InaD gene products. 
Amino acids are shown in single- letter code. Amino acid identities and 
similarities between the two proteins are indicated by vertical bars and 
points, respectively. Boxed serine and threonine residues represent 
potential protein kinase C phosphorylation sites (PKQ, and boxed 
asparagine residues indicate potential Af-glycosylation sites (pGS) . Two 
conserved repeats are underlined. G-(Q/M) repeats that are present 
only in the Drosophila InaD protein between amino acids 141 and 155 
are indicated by a dotted line. A lysine/glutamate-rich cluster is labeled 
by stars, b, hydrophilicity profile (window size: 7) of the Drosophila and 
Calliphora InaD protein according to Kyte and Doolittle (46). The arrow 
depicts the position of Met 442 , which is replaced by a lysine in Inal? 215 
mutants. Bars indicate the position of lysine/glutamate-rich clusters. 



strates that the InaD protein is present in total eye membranes 
and in purified photoreceptor membranes (Fig. 2, lanes 1 and 
3), It is detected neither in the fraction containing soluble 
proteins obtained from whole retinas after extraction with low 
salt buffer nor in extracts containing proteins of the intraom- 
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Fig. 2. Ininiunoblot analysis of the InaD protein. Retinal pro- 
teins were separated by SDS-PAGE and stained with Coomassie Blue 
{left panel) or transferred onto a polyvinylldene difluoride membrane 
for immunological detection with antibodies directed against the C- 
terminal region of the InaD protein (anti-IrjaZ>(643-665)) or a peptide 
comprising amino acids 272-542 (anti-ZnaC- (272-54 2)). Membrane and 
soluble proteins from one Calliphora retina were analyzed in lanes 1 
and 2, respectively. Proteins extracted with 1 x SDS-PAGE buffer from 
purified photoreceptor membranes of 10 Calliphora eyes were loaded on 
lane 3. Lanes 4-6 show rhabdomeral proteins obtained after subse- 
quently extracting purified photoreceptor membranes with a low salt 
buffer containing 3 mM EGTA {lane 4) with a high salt buffer containing 
1.5 M NaCl (lane 3) and with 1 X SDS-PAGE buffer {lane 6). 

matidial matrix (Fig. 2, lanes 2 and 4). The latter extract was 
prepared by extraction of purified photoreceptor membranes 
with a low salt buffer containing EGTA. However, the InaD 
protein is extracted from the rhabdomeral photoreceptor mem- 
brane if a high salt buffer containing 1.5 m NaCl is used (Fig. 2, 
lane 6). As is expected using this cloning procedure, the West- 
ern blot indicates that the InaD protein is enriched in the 
photoreceptor membrane preparation as compared with total 
eye membranes. Taken together, the hydrophilic character of 
the InaD protein predicted by the sequence data, and its solu- 
bilization by a high salt buffer reveals that InaD is a peripheral 
photoreceptor membrane protein. 

Purification of the InaD Protein by Immunoprecipitation— In 
order to purify the InaD protein by immunoprecipitation rhab- 
domeral membranes were treated with a buffer containing 1% 
Triton X-100, which quantitatively extracted the InaD protein 
from nonsoluble material. Anti-7>2a£-(643-665) failed to im- 
munoprecipitate the InaD protein. Thus, we generated an an- 
tiserum that was directed against a different part of the InaD 
protein (anti-7haIy-(272-542)) and could successfully be used 
for immunoprecipitation (Fig. 3). Resolving the immunoprecipi- 
tates obtained with anti-7haZ>-(272-542) by SDS-PAGE re- 
vealed that, in addition to the InaD protein band, two other 
protein bands with apparent molecular masses of 140 and 80 
kDa were immunoprecipitated (Fig. 3a, lane j). None of these 
proteins was precipitated in control experiments in which pro- 
tein A/G beads alone were used (Fig. 3a, lane 4). The 140-kDa 
protein band turned out to represent a double band when 
resolved on 8% polyacrylamide gels (data not shown). Western 
blot analysis (Fig. Zb) showed that this protein band reacted 
with antibodies specific for the Calliphora trp protein and for 
the /?o/p/4-encoded phospholipase C. The 80 -kDa protein rep- 
resents the eye-specific protein kinase C [inaC protein). The 
immunoprecipitates were also probed with antibodies specific 
for the a- and j3-subunit of an eye-specific G-protein. These 
G -protein sub units were not detected in the immunoprecipi- 
tates. Since anti-/ha£-(272-542) does not cross-react with 
rhabdomeral proteins other than the InaD protein on Western 
blots, the co-precipitation of inaC, trp, and norpA proteins by 
anti-InaD- (272-5 42) suggests that these proteins are com- 
plexed permanently or transiently with the InaD protein in the 
photoreceptor membranes. 

Phosphorylation of the Calliphora InaD Protein— The co- 
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Fig. 3. Co immunoprecipitation of the InaD, InaC, trp, and 
norpA proteins. Rhabdomeral proteins were extracted with Triton 
X-100 buffer, immunoprecipitated with anti-InaD (27 2-542) and sub- 
jected to SDS-PAGE and Western blot analysis, a, Coomassie-stained 
gel showing the proteins extracted with Triton X-100 buffer from rhab- 
domeral membranes of 10 eyes {lane 1), the proteins that are not 
immunoprecipitated by anti-/naZ>-(272-542) {lane 2\ equivalent of 10 
eyes), and the proteins present in the immunoprecipitates {lane 3\ 
equivalent of 30 eyes). Lanes 4 and 5 show control experiments. When 
protein A/G-agarose beads without antibody were used in the immuno- 
precipitation experiment, no immunoprecipitates were obtained {lane 
4). On lane 5 anti- InaD- (272-542) eluted from protein A-Sepharose 
beads was loaded in order to identify protein bands, which represent the 
antibodies (indicated by bracket) . b, Western blots of the proteins shown 
in lanes 1-3 of panel a were probed with anti-/naZ>-(643-665) and with 
antibodies specific for the trp, norpA, and inaC proteins and for the a- 
and 0-subunits of an eye-specific G-protein (G ft „ and G 0O , respectively) . 



immunoprecipitation of the InaD protein with an eye-specific 
protein kinase C prompted us to investigate whether or not the 
InaD gene product is a phosphoprotein. In order to test this 
hypothesis, we made use of the ability to enrich the protein by 
high salt extraction of purified photoreceptor membranes. In 
the experiment depicted in Fig. 4, the InaD protein was ex- 
tracted with high salt buffer after performing phosphorylation 
of photoreceptor membrane proteins under the standard con- 
ditions described under "Experimental Procedures." The ex- 
tracted peripheral proteins, as well as integral membrane pro- 
teins, were subjected to SDS-PAGE and autoradiographed. Of 
the seven protein bands detected in the high salt extract after 
staining the gel with Coomassie Blue, four proteins are phos- 
phorylated. The most prominent of these phosphoproteins 
shows an apparent molecular mass of about 75 kDa, a value 
corresponding to the apparent molecular mass of the InaD 
protein. Autoradiography of a duplicate blot and subsequent 
probing of the very same blot with anti-7ha£i-(643-665) dem- 
onstrated that the radioactively labeled protein band at 75 kDa 
represents the InaD protein band (Fig. 46). In order to rule out 
that a phosphoprotein other than the InaD protein is present in 
the high salt extracts and has the same electrophoretic mobil- 
ity as the InaD protein upon separation by SDS-PAGE, phos- 
phorylated InaD protein was also purified by immunoprecipi- 
tation (Fig. 5). The presence of radioactive phosphate in the 
75-kDa protein band, which was obtained by resolving the 
anti-iha£-(272-542) immunoprecipitates by SDS-PAGE and 
which was identified as the InaD protein with anti-Thai?- (643- 
665), clearly demonstrated that the InaD protein is a phospho- 
protein. The stoichiometry of InaD protein phosphorylation, 
determined for the InaD protein present in high salt extracts as 
described under "Experimental Procedures," was 0.4-0.5 mol 
of phosphate/mol of InaD protein. Hence, a substantial fraction 
of the InaD molecules was not phosphorylated in the in vitro 
assays, which may indicate that a fraction of InaD molecules is 
isolated in a phosphorylated form or is compartmentalized in 
membrane vesicles to which externally added ATP or activa- 
tors of the protein kinase have no access. 

Since eye-PKC co-immunoprecipitating with the InaD pro- 
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Fig. 4. Identification of phosphorylated InaD protein. In order 
to demonstrate phosphorylation of the InaD gene product, proteins of 
dark-adapted rhabdomeral membranes that remained in the mem- 
brane fraction after extraction with low salt buffer containing 3 mM 
EGTA were phosphorylated in the presence of 2 /xCi of [y- 32 P]ATP as 
described under "Experimental Procedures." After phosphorylation the 
InaD protein was extracted from the membrane with high salt buffer. 
Membrane proteins that were not extracted under these conditions 
were solubilized with SDS-PAGE buffer. The aliquots equivalent to 
purified photoreceptor membranes of 10 retinae for the SDS extract or 
40 retinae for the high salt extract were subjected to SDS-PAGE. a, 
Coomassie- stained protein pattern and corresponding autoradiograph 
of the SDS-extracted proteins {Jane I) and the high salt-extracted 
proteins {lane 2). b, immunoblot of the same extracts as shown in panel 
a probed with anti-/haZ>-(643-665) and corresponding autoradiograph. 

Protein Immune- Autoradio- 
Pattem blot graph 
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Fic. 5. Immunoprecipitation of phosphorylated InaD protein. 
Proteins of blue light-illuminated rhabdomeral membranes were phos- 
phorylated in the presence of 2 jiCi of [7- 32 P]ATP as described under 
"Experimental Procedures." Then the rhabdomeral membrane proteins 
were extracted with Triton X-100 buffer and subjected to immunopre- 
cipitation with anti-//2a£>(272-542). Proteins of the Triton X-100 ex- 
tract {lane J), of the supernatant containing the nonprecipitated pro- 
teins {lane 2), and of the immunoprecipitates {lane 3) were resolved by 
SDS-PAGE and subjected to Western blot analysis and autoradiogra- 
phy. The Coomassie-stained protein gel, the immunoblot probed with 
anti-//2a£J-(643-665), and the autoradiograph of the immunoblot are 
shown from left to right. 

tein is assumed to be a Ca 2+ -dependent protein kinase, we 
tested the effect of Ca 2+ on the phosphorylation of the InaD 
protein and compared its phosphorylation with phosphoryla- 
tion of rhodopsin and arrestin, which has been studied previ- 
ously (14-17) (Fig. 6), Lowering of internal Ca 2+ by the addi- 
tion of 2 mM EGTA to the phosphorylation assay significantly 
reduced the incorporation of radioactive phosphate into the 
InaD protein as compared with standard phosphorylation as- 
says performed at a calculated free Ca 2+ concentration of 60 
/xm. Under these conditions, the phosphorylation of two other 
proteins involved in signal transduction is affected by lowering 
the free Ca 2+ concentration. First, the amount of phosphoryl- 
ated arrestin 2 associated with the rhabdomeral photoreceptor 
membrane is decreased. This finding is consistent with earlier 
reports indicating that arrestin 2 is phosphorylated by a Ca 2+ - 
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Fig. 6. C a 2 + - dependent phosphorylation of the InaD protein. 

a, purified photoreceptor membranes of 10 Calliphora retinae were 
phosphorylated in the presence of 2 mM EGTA {lanes 1, 3, 5, and 7) or 
60 /am calculated free Ca 2+ {lanes 2, 4 t 6, and 8). In lanes 5-8 the 
membranes were reconstituted with a soluble extract obtained from six 
Calliphora retinae. Before starting phosphorylation by adding 2 mM 
ATP, samples were either kept under dim red light {r, lanes 1, 2, 5, and 
6) or illuminated with blue light for 2 min in order to convert 70% 
rhodopsin to metarhodopsin {panel b, lanes 3, 4, 7, and The phos- 
phorylation reactions were carried out for 5 min in the dark. Migration 
of molecular weight standards is indicated on the right, arrows on the 
left show the position of the InaD protein {InaV}, arrestin 2 {Arr2j, and 
opsin, b, time course -for the incorporation of radioactive phosphate into 
the InaD protein. For comparison, time courses of phosphorylation of 
arrestin 2 and opsin are shown. Phosphorylation reactions were per- 
formed in the absence (•), or presence (o) of Ca 2+ as described in panel 
a for lanes 3 and 4, respectively. At the indicated times, the reactions 
were terminated by adding 5 x SDS-PAGE buffer. All samples were 
subjected to SDS-PAGE as described under "Experimental Procedures," 
and protein phosphorylation was detected by autoradiography or quan- 
tified by using a phosphor imager. 

calmodulin-dependent protein kinase (17). Secondly, the phos- 
phorylation of rhodopsin is affected by calcium concentration. 
There the amount of radioactive phosphate attached to meta- 
rhodopsin is reduced in the presence of Ca 2+ , presumably due 
to dephosphorylation by a Ca 2+ -dependent rhodopsin phospha- 
tase (27, 28). We also investigated whether the light conditions 
to which the photoreceptor membranes were subjected before 
the reaction was started, might affect the incorporation of 
phosphate into the InaD protein. Under the in vitro conditions 
used here, the already intensively studied light activation of 
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Fig. 7. Effect of phorbolester and the protein kinase C inhib- 
itor bisindolylmaleimide I on the phosphorylation of the InaD 
protein. Phosphorylation of blue light- illuminated photoreceptor mem- 
branes was carried out under standard conditions {control, in the 
presence of 1 jiM phorbol 12-myristate 13-acetate (PMA), and in the 
presence of 0.2 /nM bisindolylmaleimide I {BIM). Samples were sub- 
jected to SDS-PAGE, and phosphorylation of the InaD protein {InaD}, 
aires tin 2 {Arr£), and opsin was quantified using a phosphor imager. 
Data represent mean ± S.E. of four separate experiments. Statistical 
analysis using Student's t test shows that the effects of PMA and BIM 
on the phosphorylation of the InaD protein are significant (PMA- 
treated versus control: t = -2.56, p = 0.042; BIM-treated versus control: 
t - 2.72, p - 0.034). Phosphate incorporation into arrestin 2 and opsin 
shows no significant differences upon PMA or BIM treatment. 

rhodopsin phosphorylation (14, 15) was reproduced, but light 
dependence of InaD protein phosphorylation was not revealed 
(Fig. 6a, lanes 1 and ^and lanes 5 and 4). Thus, we can exclude 
the possibility that activated rhodopsin (metarhodopsin) , pres- 
ent in the membranes, directly promotes (or suppresses) the 
phosphorylation of the InaD protein. Furthermore, the addi- 
tion of soluble proteins did not enhance the incorporation of 
phosphate into the InaD protein, but rather suppressed its 
phosphorylation (Fig. 6a, lanes 5-&). This indicates (i) that the 
protein kinase that catalyzes InaD phosphorylation resides in 
the photoreceptive membrane, and (ii) that soluble cofactors 
are not required for InaD protein phosphorylation. 

Time courses of the protein phosphorylation revealed similar 
phosphorylation kinetics for the InaD protein and for opsin 
with no further increase in net phosphate incorporation 1 0 min 
after the reactions were started (Fig. 66). Arrestin 2 phospho- 
rylation, described as the most rapid protein phosphorylation 
observed in Drosophila eyes (29), saturated 2 min after starting 
the reactions. The Ca 2+ dependence of the phosphate incorpo- 
ration into the InaD protein, arrestin 2, and metarhodopsin is 
evident throughout the entire phosphorylation time course, 
except in the initial phase of metarhodopsin phosphorylation 
(Fig. 6b). The Ca 2+ -enhanced phosphorylation of the InaD gene 
product suggested that this reaction is catalyzed either by a 
protein kinase C or by a Ca 2+ -calmodulin-dependent protein 
kinase. In order to discriminate whether the InaD protein is 
phosphorylated by a protein kinase C or a Ca 2+ -calmodulin-de- 
pendent protein kinase, protein kinase C was hyperactivated 
using a phorbolester or specifically inhibited with bisindolyl- 
maleimide I. As shown in Fig. 7, the addition of phorbol 12- 
myristate 13-acetate to the phosphorylation reaction enhances 
the phosphate incorporation into the InaD protein by 25%. In 
the presence of bisindolylmaleimide I InaD protein phospho- 
rylation is reduced by 25%. These effects are statistically sig- 
nificant (see legend of Fig. 7), and they are comparable with 
those observed in studies with other photoreceptor membrane 
proteins, for example the protein kinase C-dependent phospho- 
rylation of bovine rhodopsin (30). The protein kinase C activa- 
tor and inhibitor used here had no significant effect on the 
phosphorylation of arrestin 2 and opsin (Fig. 7), indicating that 
the addition of the phorbolester or of bisindolylmaleimide I 
modulated specifically the phosphorylation of the InaD protein 



but did not generally enhance or quench the phosphorylation of 
rhabdomeral proteins. 

DISCUSSION 

This study describes the molecular and biochemical charac- 
terization of the Calliphora InaD protein. The experiments 
have been performed to understand the function of this protein 
in the deactivation of light-triggered responses of photoreceptor 
cells. Cumulative evidence suggests that the biochemical reac- 
tions involved in phototransduction are identical in Drosophila 
and Calliphora. The eyes of both species have the same mor- 
phological architecture, they contain photoreceptors with iden- 
tical absorb ance characteristics, and the photoreceptor cells 
respond to light stimuli in the same way. Biochemical studies 
show that identified proteins of the phototransduction path- 
way, including Rhl opsin (31-33), arrestin 2 (17, 27, 34), and 
phospholipase C (35, 36), perform identical functions in both 
species. However, these functionally homologous proteins are 
less conserved than they are between photoreceptors currently 
used as model systems of vertebrate phototransduction, for 
instance bovine, rat, and mouse. These differences in the over- 
all homology allow us to identify conserved regions as probable 
sites of functional importance within the protein. 

The sequence alignment of the Drosophila and Calliphora 
InaD proteins (see Fig. 1) highlights the weakly, as well as the 
highly, conserved regions of the protein sequences. The N- 
terminal region (amino acids 1-14 of the Drosophila sequence) 
and the stretch between amino acids 106 and 183 show little if 
any sequence homology, suggesting that these regions are func- 
tionally less important and were, therefore, subject to extensive 
mutation during the evolution of both fly species. 

Other sites of the InaD protein are well conserved. With 
. respect to the phosphorylation of the InaD protein investigated 
in the present study it is particularly striking that five out of 
eight conserved potential protein kinase C phosphorylation 
sites (at positions 19, 194, 329, 330, and 553) reside within 
stretches of 10-16 amino acids that are identical in the Dro- 
■ sophila and Calliphora InaD protein. 

Despite the fact that there are some poorly conserved regions 
in the Drosophila and Calliphora InaD protein, the overall 
biophysical characteristics (for example the isoelectric point at 
8.6, the high abundance of acidic and basic amino acids, and 
the hydrophilicity profile of both proteins) are nearly identical. 
The apparent molecular mass of about 75 kDa of the Calliphora 
InaD protein, as estimated by SDS-PAGE, fits the molecular 
mass calculated from the sequence data (73.4 kDa). The dis- 
crepancy between the calculated and apparent molecular mass 
of the Drosophila InaD protein (80 and 90 kDa, respectively) 
reported by Shieh and Niemeyer (11) is not evident in Calli- 
phora. Due to the hydrophilic nature of the InaD protein, it has 
been proposed that the Drosophila InaD gene product is not an 
integral membrane protein (11). Our results obtained with the 
Calliphora homolog of InaD are in agreement with this 
prediction. 

In the present study we show that the InaD protein is asso- 
ciated with the rhabdomeral photoreceptor membrane, from 
which it is extracted by buffers of high ionic strength. The 
attachment to the photoreceptive membrane may be crucial for 
InaD function, because functional impairment of the Drosoph- 
ila InaD mutant (Inalf 2xs ; Ref 10) results from a single point 
mutation in which a methionine (Met 442 ), located within a 
small stretch of hydrophobic amino acids, is replaced by lysine 
(11). In the Calliphora InaD protein leucine is present at the 
corresponding position, indicating that Met 442 is not necessar- 
ily required for normal InaD function, and may be exchanged 
with another hydrophobic amino acid. Distortion of the hydro- 
phobic character of the region by a highly polar amino acid, for 



11716 



Phosphorylation of the InaD Gene Product 



example lysine of Inalf 2is , however, might lead to the mutant 
phenotype, because the Met 442 to Lys mutation may render a 
soluble InaD protein that is nonfunctional. Alternatively, the 
nonpolar character of this region may be crucial for hydropho- 
bic protein-protein interactions. A significant contribution to 
the hydrophilic character of the InaD protein results from a 
conserved stretch of lysine and glutamate residues (see bars in 
Fig. \b). Interestingly, similar lysine/glutamate-rich clusters 
are found in the bovine and mouse rod photoreceptor cGMP- 
gated channels (37 , 38). Analysis of the structure-function re- 
lationship of cGMP-gated channels has not yet established the 
function of this hydrophilic cluster. 

The biochemical experiments of the present study were de- 
signed to investigate whether or not the function of the InaD 
gene product might be controlled by phosphorylation. The 
striking conservation of several putative protein kinase C phos- 
phorylation sites between the Drosophila and Calliphora InaD 
sequence (Fig. 1), the localization of the InaD protein and the 
inaC encoded eye-PKC in the rhabdomeral photoreceptor mem- 
branes (Fig- 2 and Ref. 13), and, most importantly, the co- 
immunoprecipitation of the InaD protein and eye-PKC (Fig. 3) 
suggest that the InaD protein is a likely candidate for phos- 
phorylation by eye-PKC. Moreover, Drosophila InaD and inaC 
mutants show a similar phenotype, which is characterized by a 
defect in photoreceptor deactivation and by abnormal light 
adaptation (1,2, 11, 13, 39), indicating that the respective gene 
products are acting, or even interacting, in closely related steps 
of the transduction cascade. The phosphorylation studies pre- 
sented here reveal that the InaD protein is a phosphoprotein 
(Figs. 4 and 5), The Ca 2+ -dependence of the InaD protein 
phosphorylation (Fig. 6) and the findings that the incorporation 
of phosphate into the InaD protein is moderately enhanced in 
the presence of a phorbolester and quenched by the protein 
kinase C inhibitor bisindolylmaleimide (Fig. 7) are in line with 
the assumption that this phosphorylation is catalyzed by 
eye-PKC. 

Despite this evidence, the data do not yet allow us to un- 
equivocally rule out the possibility of phosphorylation of the 
InaD protein by other protein kinases. Ca 2+ -dependent phos- 
phorylation of arrestin 2, reported to result from a Ca 2+ -cal- 
modulin-dependent protein kinase (17), is observed in parallel 
to the Ca 2+ -dependent phosphorylation of the InaD protein, 
indicating that the corresponding protein kinase is present in 
the membrane preparation used in the assays. Also, Mat- 
sumoto and colleagues (17, 40, 41) reported on the phosphoryl- 
ation of an 80-kDa protein present in the photoreceptor cell 
layer of Drosophila eyes. The molecular mass of this phospho- 
protein suggests that it might represent the Drosophila InaD 
protein. However, the phosphorylation of this Drosophila 80- 
kDa protein was shown to be activated by cAMP but not by 
calcium (17). At least the Calliphora InaD protein lacks con- 
sensus sites for phosphorylation by a cAMP-dependent protein 
kinase. In dark-adapted Drosophila eyes, this 80-kDa protein is 
in the nonphosphorylated state, but it rapidly (within 3 s) 
becomes phosphorylated when the flies are exposed to a 1 -ms 
light flash (41). Furthermore, the light-dependent phosphoryl- 
ation of this protein is not observed in Drosophila norpA mu- 
tants (40), indicating that it depends on the activation of the 
phototransduction cascade and occurs downstream of the 
norpA-encoded phospholipase C. 

Phosphorylation by protein kinase C is shown to be involved 
in the desensitization of a number of vertebrate G-protein- 
mediated transduction cascades, e.g. vertebrate phototransduc- 
tion (30, 42) and ^-adrenergic receptor signaling (43). There 
desensitization is achieved by a protein kinase C-dependent 
phosphorylation of the respective receptor (rhodopsin or j3-ad- 



renergic receptor), which in contrary to the phosphorylation by 
rhodopsin kinase or )3-adrenergic receptor kinase, occurs in the 
activated and the nonactivated state of the receptor. Protein 
kinase C-mediated phosphorylation was shown to uncouple the 
receptor from its G-protein (44), thereby terminating the signal 
response. The proposed deactivation of the visual response via 
phosphorylation of the InaD protein by eye-PKC would act at a 
different site of the transduction cascade. 

Towards a model for the Ca 2+ -dependent response inactiva- 
tion in fly photoreceptor cells, we propose that the InaD protein 
is modulated via phosphorylation by eye-PKC, which itself 
should be activated by the transient rise of the intracellular 
Ca 2+ concentration upon visual excitation. Phosphorylated 
InaD protein in turn may be a subunit of, or act on, a third 
protein, e.g. an ion channel, in order to regulate Ca 2+ influx 
into the cytosol. In this respect it is important to note that the 
trp protein, which is proposed to represent a novel Ca 2+ chan- 
nel responsible for light-dependent inositol trisphosphate-me- 
diated Ca 2+ entry (6,7), co-immunoprecipitates with the InaD 
protein. Alternatively, the activated InaD protein could be part 
of a feedback control mechanism that acts on upstream mem- 
bers of the transduction cascade. One of these may be the 
/30rp4-encoded phospholipase C (11). Our finding that key pro- 
teins of the phototransduction cascade investigated here co- 
immunoprecipitate with the InaD protein may indicate that 
proteins that provide a control mechanism of visual excitation 
are associated into a functional protein complex. 

In conclusion, we have for the first time provided evidence 
that the Calliphora homolog of the InaD protein is phosphoryl- 
ated by the //jaC-encoded eye-PKC. InaD protein phosphoryl- 
ation may be part of the mechanism that regulates the deacti- 
vation of the light response in invertebrate photoreceptors, in a 
way that is distinct from the protein kinase C-mediated desen- 
sitization of vertebrate phototransduction or /3-adrenergic re- 
ceptor signaling. However, a similar mechanism may operate 
in other vertebrate and invertebrate signaling pathways in 
which trp homologs are used as part of a store-operated Ca 2+ 
entry (45). 
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ABSTRACT The Drosophila discs large tumor suppressor 
protein, dig, has been shown to regulate the growth of imaginal 
discs during embryogenesis [Woods, D. F. & Bryant, P. J. 
(1991) Cell 66, 451-464]. We cloned and sequenced the com- 
plete cDNA for a human B-lymphocyte 100-kDa protein that 
shares 60% amino acid identity with dig. This human homo- 
logue of Drosophila discs large (hdlg) contains a C-terminal 
domain homologous to the known guanylate kinases, a sre 
homology 3 region motif, and three dig homology repeats. Two 
nonhomologous domains that can contain in-frame insertions 
result in at least four alternatively spliced Isoforms of hdlg. 
Several hdlg RNA transcripts are widely distributed in human 
and murine tissues, and the protein is localized to regions of 
cell-cell contact. Protein 4.1, the defining member of a family 
that includes talin and merlin/ schwannomin, has the same 
cellular localization as hdlg, and two sites within hdlg associate 
in vitro with the 30-kDa N-terminal domain of protein 4.1. 



Recessive lesions in seven Drosophila genes that have been 
described as tumor suppressors lead to overgrowth of the 
imaginal discs. In the lethal (1) discs large 1 (dig) locus, 
germ-line mutations result in imaginal disc neoplasia and a 
prolonged larval period followed by death (1). The amino acid 
sequence of dig includes several conserved domains: three 
repetitive sequence motifs containing the sequence GLGF, 
which have been called dig homology repeat (DHR) seg- 
ments, a sre homology 3 region (SH3) motif, and a domain 
that is homologous to the known guanylate kinases (2) (see 
Fig. 1/4). These domains, and their organization relative to 
one another, are conserved across an emerging family of 
proteins, which include the rat synaptic protein PSD-95, or 
SAP90 (3, 4), the tight junction proteins ZO-1 and ZO-2 (5-7), 
and human erythroid p55 (8). We have cloned several iso- 
forms of the human homologue of Drosophila dig (hdlg) from 
B lymphocytes and present here their sequence features^ and 
the general tissue distribution of their RNA transcripts. We 
also show that both hdlg and protein 4.1 immunolocalize to 
regions of cell-cell contact and provide in vitro evidence for 
the specific association of the 30-kDa domain of protein 4.1 
with two sites on hdlg. 

MATERIALS AND METHODS 
PCR Screen for hdlg cDNAs. Total RNA was isolated from 
BM14 B-lymphoblastoid cells using the guanidinium thiocy- 
anate method (9). Single-stranded cDNA was reverse tran- 
scribed from 5 fig of RNA after priming with a 
(dT) 17+ adapter primer as described (10). Each single- 
stranded cDNA stock was then diluted 100-fold and used in 
subsequent PCR reactions. We synthesized degenerate prim- 
ers complementary to four 5-aa stretches flanking two regions 
of homology between dig and PSD-95: GLGFN and 
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WWQAR (region A) and GGTDN and NQHIP (region B). 
Primer sequences were based on the mammalian codon 
preference: region A primers RPT-1 (sense) GG(N)CT(B)G- 
G(N)TT(Y)AA(Y)A and RPT-2 (antisense) (N)CG(N)G- 
C(Y)TGCCACCA; region B primers RPT-3 (sense) G(N)G- 
G(N)AC(N)GA(Y)AA(Y)CC and RPT-4 (antisense), G(N)G- 
G(D)AT(R)TG(Y)TG(R)TT (N = G, A, T, or C; B = G, T, 
orC;Y = TorC;R = GorA;D = G,A,orT). PCR reactions 
were carried out at low stringency, and products of the 
predicted size were resolved on agarose gels, excised, and 
purified before subcloning into a PCR II TA Cloning vector 
(Invitrogen). The resultant cDNA inserts were sequenced 
and compared with the analogous region of dig. Out of 24 
clones sequenced, 18 showing >65% amino acid identity with 
dig were judged positive for the hdlg sequence. 

The remaining 5' and 3' portions of the hdlg cDNA were 
cloned using a modified rapid amplification of cDNA ends 
protocol based on two successive rounds of PCR amplifica- 
tion using nested primers. In the case of the 3' end, the first 
round of PCR amplification used the B-lymphocyte 
(dT) 17 +adapter-primed single-stranded cDNA, probed with 
primers specific for hdlg and the adapter. The weakly am- 
plified products were resolved on a 3% low-melting-point 
agarose gel, and the region corresponding to 1-2 kb was 
excised for use in the secondary PCR reaction with a different 
pair of nested primers. Products of the secondary PCR were 
isolated, subcloned, and sequenced as before. All 12 clones 
sequenced were found to contain the 3' stop codon of hdlg. 

To increase the likelihood of cloning the 5' portion of hdlg, 
a selective cDNA minilibrary was reverse transcribed from 
BM14 RNA primed with a mixture of hdlg-specific oligonu- 
cleotides. Replacement synthesis of the second strand was 
performed as described (11), and the resultant double- 
stranded cDNA pool was ligated into pBS-SK (Stratagene). 
The minilibrary was used as the template for two successive 
rounds of PCR amplification with nested primers as described 
above. Out of 18 clones sequenced, 5 were found to contain 
the initiating methionine of hdlg. Analysis of several 5 ' and 3' 
partial clones revealed sequence insertions in each. Three 
different insertions, II, 12, and 13, were isolated. 

Northern Blots. Total RNA was isolated from the BM14 
B-lymphocyte cell line by the guanidinium thiocyanate 
method (9), and Northern blots were prepared by standard 
methods (10). Northern blots derived from multiple human 
and murine tissues containing 2 jig of poly(A) + RNA per lane 
were obtained from Clontech. The blots were probed with a 
1150-bp cDNA fragment of hdlg (bases 504-1654) that had 
been nick-translated with [ 32 P]dCTP (10). 



Abbreviations: hdlg, human homologue of Drosophila dig; GST, 
glutathione 5- transferase; GUK, guanylate kinase; SH3, sre homol- 
ogy 3 region; DHR, dig homology repeat. 
*To whom reprint requests should be addressed. 
§The sequences reported in this paper have been deposited in the 
GenBank data base (accession nos. U13896 and U13897). 
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Expression of Recombinant hdlg. Plasmid constructs were 
made that expressed the following as glutathione S-transferase 
(GST) fusion proteins: the entire coding region (accession no.- 
U13897) of hdlg (GST-FL), the N-terminal domain from 
amino acid 1 to 223 (GST-NT), the three DHR segments from 
amino acid 201 to 584 (GST-DHR), and the SH3 and guanylate 
kinase (GUK) domains together from amino acid 584 to 904 
(GST-SH3/GUK). The appropriate sequences were PCR 
amplified from BM14 single-stranded cDN A, and the products 
were ligated into pGEX-2t (Pharmacia) in-frame for expres- 
sion as GST fusion proteins in Escherichia coli. All constructs 
were sequenced and produced soluble fusion proteins of the 
expected sizes. Full-length hdlg constructs bearing 13 alone 
(GST-FL 13 ) and SH3/GUK constructs with either 12 (GST- 
SH3/GUK 12 ) or 13 (GST-SH3 / GUK D ) were isolated. 

Generation of Antibodies and Immunofluorescence Micros- 
copy. The hdlg moiety containing all three DHR segments 
was cleaved from the purified GST-DHR fusion protein using 
thrombin (12). After further purification on an anion- 
exchange column, the antigen was used to produce rabbit 
antibodies as described (13). Anti-hdlg serum (no. 742) was 
used at a 1:100 dilution to immunostain methanol-fixed 
MCF-7 human breast carcinoma cells grown on glass cover- 
slips. Cells were also probed with anti-protein 4.1 affinity- 
purified IgG (no. 14) as described (14). Probes were visual- 
ized using a goat anti-rabbit secondary antibody conjugated 
to fluorescein isothiocyanate and viewed on a Bio-Rad model 
MRC600 confocal microscope. 

Binding Assays with Protein 4.1. Binding assays were 
performed using 2 /tg of GST fusion protein immobilized on 
15 /xl of packed glutathione beads. In all cases, beads with 
immobilized protein were incubated with radiolabeled pro- 
tein 4.1 or its 30-kDa domain in binding buffer [5.0 mM 
sodium phosphate (pH 7.6), 1.0 mM 2-mercaptoethanol, 0.5 
mM EDTA, 120 mM KC1, 0.02% sodium azide, and bovine 
serum albumin at 1.0 mg/ml; total volume, 50-500 jd]. After 
incubation for 1-2 hr at 4°C with gentle mixing, the beads 
were washed five times in 1.5 ml of binding buffer, aspirated 
to dryness, and either placed in a y counter (for 125 I-labeled 
30-kDa domain; triplicate samples) or the bound protein was 
released in 30 /tl of SDS sample buffer for SDS/PAGE 
followed by autoradiography (for 14 C-labeled protein 4.1). 

RESULTS 

Cloning of hdlg. Since it was unclear whether the human 
homologue of dig (hdlg) would be an alternatively spliced 
form of the p55 transcript or a product of a second distinct 
gene, we first probed with DNA primers complementary to 
a conserved region that included the DHR1 segment shared 
by all of the family members. Out of 24 clones that were 
sequenced, none corresponded to alternatively spliced tran- 
scripts that could account for a dig-like protein. We then 
probed by PCR for other conserved regions of dig not shared 
by p55: region A (Fig. I A) spanned the middle of DHR3 to the 
middle of the SH3 motif; region B spanned DHR1 and DHR2. 
The upstream sense oligonucleotide, which defined the 
boundary of region A, and the oligonucleotides that defined 
both boundaries of region B encoded amino acid sequences 
shared only by dig and PSD-95/SAP90. 

The PCR screen for regions A and B yielded products of the 
expected sizes. The predicted amino acid sequence of both 
PCR products was 65% identical to that of the analogous 
regions in dig. We then selectively reverse transcribed cDNA 
from BM14 RNA primed with oligonucleotides specific for 
the hdlg partial sequence and were able to clone the remain- 
der of the cDNA using a modified rapid amplification of 
cDNA ends protocol described in Materials and Methods. 

The hdlg clones were 60% identical to dig and 70% identical 
to rat PSD-95/SAP90 on the protein level. The complete 
sequences have been deposited in GenBank (accession nos. 



U13896and U13897). The domain organization characteristic 
of the other family members was also conserved, with three 
DHR segments in the N-terminal half of the protein, a central 
SH3 motif, and a C-terminal GUK domain (Fig. IA). The 
three DHR segments were between 40% and 53% identical to 
each other and up to 90% identical to the analogous segments 
in PSD-95/SAP90. The SH3 motif was most similar to that of 
dig with 70% amino acid identity, followed by that of PSD- 
95/SAP90 and crk. The GUK domain was 40% identical to 
the entire protein sequence of yeast GUK and 80% identical 
to the analogous domain in dig and PSD-95/SAP90. The hdlg 
GUK domain, like that of dig and PSD-95/SAP90, hada 3-aa 
deletion in a glycine-rich motif that is similar to the predicted 
ATP-binding site of yeast guanylate kinase (15). 

Two regions of the hdlg sequence not found in the other 
family members might represent novel functional domains: a 
charged, proline-rich 190- aa N-terminal domain (Fig. IB) and 
a 40-aa internal domain between the SH3 and GUK domains 
(Fig. 1C). When the 5' and 3' portions of the hdlg cDNA were 
PCR amplified from our cDNA minilibrary, both classes of 
products ran as doublets on agarose gels. Sequence analysis of 
these PCR products revealed possible insertions in each of the 
two domains. In the N-terminal domain, either a 99-base 
insertion (II) or no insertion occurred after base number 483 
(Fig. lB) f whereas in the 3' region either a 36-base (12) or 
102-base (13) insertion occurred after base 1905 (Fig. 1C). The 
insertions were in-frame, and all of the four possible combi- 
nations of 5' and 3' insertions were represented among our 
clones. The II insertion in the N-terminal domain encoded a 
sequence that is particularly proline-rich (10 out of 33) with 
several tandem sequences similar to the recently derived 
SH3-binding consensus (16, 17). The 12 insertion was not 
homologous to other known sequences, while the 13 insertion 
was 38% identical to the region spanning amino acids 693-727 
of dig, which also lies between the SH3 and GUK domains. 

Distribution of hdlg Protein and mRNA. hdlg protein and 
message were widely distributed in human and murine tis- 
sues. Rabbit serum raised against the DHR domain of hdlg, 
consisting of all three DHR segments, reacted strongly with 
several proteins around 100 kDa in size and weakly with three 
proteins between 29 and 42 kDa from human B cells, lung 
fibroblasts, and cervical epithelia and murine fibroblasts and 
T cells (Fig. 2). The weakly reactive smaller bands may be 
due to other proteins with conserved DHR segments or 
breakdown products of hdlg. No cross-reactivity was ob- 
served with erythroid p55. 

Northern blots of mRNA isolated from several human 
tissues all revealed several closely spaced hdlg transcripts 
whose sizes ranged between 5 and 5.5 kb (Fig. 3). The close 
spacing of the hybridization signals was consistent with the 
presence of isoform-dependent sequence insertions. North- 
ern blots of murine tissues revealed a similar pattern of 
hybridization for multiple isoforms (data not shown). 

Immunolocalization of hdlg Protein. The known localiza- 
tion of dig at septate junctions (2) together with our recent 
observations that erythroid p55 binds in vitro to protein 4.1, 
a membrane-associated protein (19), raised the possibility 
that hdlg might be localized to membranes and regions of 
cell-cell contact. Indeed, the polyclonal antibodies raised 
against the DHR domain of hdlg specifically stained regions 
of cell-cell contact in human MCF-7 cells (Fig. 4A), and 
similar membrane associated staining was observed with an 
antibody to erythroid protein 4.1 (Fig. 4B). In both cases, no 
staining was observed with preimmune serum or anti-hdlg 
serum preincubated with an excess of hdlg (Fig. 4C). 

hdlg Binds to Protein 4.1. To determine if the colocalization 
of hdlg and protein 4.1 represented a direct interaction 
between the two proteins, various GST-hdlg fusion proteins 
immobilized on glutathione-agarose beads were incubated 
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Fio. 1. Sequence domains of hdlg. (A) Comparative domain organization of dlg-related proteins. Only the most closely related proteins are 
shown. The diagonally hatched boxes represent the GUK domains; black boxes, SH3 motifs; vertically striped boxes, DHR segments; and gray 
boxes, domains and insertions found only in hdlg. The two regions of homology (RA and RB) that were used to design degenerate PCR probes 
are indicated below dig. (B and C) Nucleotide sequence and deduced amino acid sequence of the N-terminal and internal domains found only 
in hdlg. A black triangle denotes the nucleotide after which at least one isoform insertion has been found to occur. The sequences of the isoform 
insertion(s) are also given below the domain in which they occur. H.s ., Homo sapiens; D.m., Drosophila melanogaster;R.n., Rattus norvegicus. 



with l4 C-labeled protein 4.1 and then sedimented. Both 
lymphocyte protein 4.1 as well as a 30-kDa labeled break- 
down product bound to the beads in an hdlg-dependent 
manner (Fig. 5, lanes 1-3). Binding to protein4.1 was mapped 
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Fio. 2. Western blots of 
whole-cell lysates probed with an- 
ti-hdlg antibodies. Lanes: 1, hu- 
man BM14 B lymphocytes; 2, 
HeLa cells ; 3, HT29 cells; 4, W138 
cells; 5, NIH 3T3 cells; 6, murine 
T lymphocytes. Whole-cell ly- 
sates were resolved by SDS/ 
PAGE, blotted to nitrocellulose, 
and probed with anti-hdlg polyclo- 
nal serum diluted 1:1000 (18). Im- 
munoreaclive bands were visual- 
ized as described (18) after incu- 
bation with goat anti-rabbit IgG 
conjugated to alkaline phospha- 
tase. 



to two sites on hdlg: the DHR domain containing all three 
repeat segments (Fig. 5, lane 4) and the 13 insertion found 
between the SH3 and GUK domains in a subset of hdlg 
isoforms (Fig. 5, lanes 5 and 6). Because the N-terminal 
30-kDa domain is a well-characterized a-chymotrypsin di- 
gestion product of protein 4.1 (21), we confirmed that this 
domain contains the predominant site that interacts with hdlg 
at both sites (Table 1). This result is also consistent with our 
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Fig. 3. Northern blots of human mRNA probed with the hdlg 
cDNA sequence. The tissue source of the blotted RNA is indicated 
above each lane. 
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Fig . 4. Immunofluorescence localization of hdlg and protein 4. 1 in human MCF-7 cells. Cells were stained with anti-hdlg rabbit immune sera 
{A) f with anti-protein 4.1 affinity-purified IgG (B) t or with anti-hdlg rabbit immune sera preabsorbcd against hdlg protein (C). 



recent finding that the 30-kDa domain of protein 4.1 binds to 
erythroid p55 within a 38-aa segment flanked by the SH3 and 
GUK domains (unpublished results). 

DISCUSSION 

Our results identify the human homologue of Drosophila dig. 
The hdlg sequence shows that it is a gene distinct from that 
of p55, and its inclusion in the family of dlg-related proteins 
provides further evidence that there are two classes of family 
members: the larger homologues, including hdlg, PSD-95/ 
SAP90, and ZO-1, and the smaller homologues, such as p55. 
Both hdlg and p55 (24) transcripts are also widely distributed 
in human and mouse tissues, indicating that large and small 
dlg-related proteins coexist in many cell types. 

Ail dlg-related proteins share an ~190-aa domain homol- 
ogous to the entire length of the yeast GUK enzyme (25), but 
the large anion pit that is predicted to be the ATP-binding site 
of GUK (15) is disrupted by a 3-aa deletion in hdlg and the 
other large family members (26). While the effect of this 
deletion on the putative enzymatic activity of the dig homo- 
logues has yet to be demonstrated, the GUK domain may not 
be an active GUK but, instead, a regulatory site that binds 
guanine nucleotides, as do other G proteins. 

A distinctive feature of both hdlg and ZO-1 is the presence 
of both an SH3 motif and a proline-rich domain in the same 
protein. The II insertion following base 483 encodes a 
polyproline domain that contains sequences similar to the 
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Fig, 5. . Association of expressed 14 C-labeled protein 4.1 with 
GST-hdlg fusion proteins immobilized on beads. Autoradiograms of 
the labeled protein 4.1 in the supernatant (lane 1) and associated with 
the bead pellet (lanes 2-6) are shown. The immobilized proteins are 
indicated above each lane. The "C-labeled protein 4.1 was prepared 
as follows: A partial protein 4.1 cDNA sequence spanning the second 
downstream initiating methionine codon to the 3 ' end of the reported 
spectrin binding domain (20) was PCR amplified from the BM14 
B-lymphocyte single-stranded cDNA pool described earlier. The 
PCR product was subcloned into N8, an SP6 eukaryotic expression 
vector, and expressed in a coupled transcription/translation system 
(TnT coupled reticulocyte lysate system; Promega) supplemented 
with l 14 C]leucine according to the manufacturer's directions, 



SH3-binding consensus motifs derived from 3BP-1 (16), 
mSosl (27), and dynamin (28) (Fig. 6A). Based on the 
differing specificities observed with the three SH3-binding 
proteins, the II sequence can be divided into several tandem 
SH3-binding motifs that may bind to more than one class of 
SH3 domains in a regulated fashion. Furthermore, the 
(PXX)„ spacing of proline residues is consistent with the 
formation of an extended polyproline II helix (29), a structure 
that has been shown to interact with the conserved hydro- 
phobic groove common to the known SH3 structures (30). 

The hdlg-binding site on protein 4.1 is located within the 
N-terminal 30-kDa domain, which is conserved in other 
protein 4.1 family members including talin (31), ezrin (32), the 
human protein tyrosine phosphatase MEG (33) and the NF2 
gene product merlin/schwannomin (34, 35). Protein 4.1 in 
human erythrocytes links the spectrin network to the mem- 
brane via glycophorin C and has been immunolocalized to 
adherens junctions in epithelial cells (36). Talin is localized at 
sites of focal adhesion in fibroblasts and at cell-cell contact 
regions in lymphocytes, perhaps via association with inte- 
grals (37, 38). Ezrin, moesin, and radixin have also been 
immunolocalized to cell-cell adherens junctions and focal 
adhesion plaques (39). Given that hdlg and protein 4.1 exhibit 
the same staining pattern at regions of cell-cell contact in 
MCF-7 cells, hdlg's submembrane localization may be the 
consequence of interactions with either protein 4.1 or another 
member of the 4.1 family. Indeed, Drosophila protein 4.1 has 
recently been localized to septate junctions (40) precisely 
where dig is located (2), suggesting that the interaction 
between hdlg and protein 4.1 may be functionally relevant in 
both vertebrates and invertebrates. 

All of the large dig homologues known contain a DHR 
domain composed of three 90-aa repeats termed DHR seg- 
ments. Several proteins contain single DHR segments in- 
Table 1. Specific association of the 30-kDa domain of protein 4.1 
with the DHR domain and 13 insertion of hdlg 



Fusion protein 



Bound 30-kDa domain of 
protein 4.1, cpm 



GST-FL 13 

GST-FL 13 + protein 4.1 

GST-NT 

GST-DHR 

GST-SH3/GUK 12 

GST-SH3/GUK 13 



1770 ± 19 
552 ± 49 
269 ± 30 

1452 ± 49 
309 + 36 

2115 ± 53 



Each of the bead-immobilized fusion proteins was preincubated in 
buffer alone or buffer plus a 10-fold molar excess of protein 4.1, 
washed, and incubated with identical aliquots of the m I-labeled 
30-kDa domain of protein 4.1 (see Materials and Methods). Each 
value represents the average of three assays ± SD. The ^-labeled 
30-kDa domain was prepared from purified protein 4.1 (22), labeled 
with 1M I-Bolton-Hunter reagent (23), digested to completion with 
a-chymotrypsin (enzyme to substrate ratio of 1:25), and separated 
from other fragments on a DEAE-Sephacel column. SDS/PAGE 
followed by autoradiography showed that >95% of the label was in 
the 30-kDa domain. 
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Fig. 6. (A) Sequence of the proline-rich region formed by the II 
insertion in the N-terminal domain of hdlg. Proline residues are 
boxed, and the boundaries of the II insertion are bracketed above. 
Regions that match the proline arrangement found in the SH3-binding 
motifs of dynamin (a), mSos (b), and 3BP-1 (c) are bracketed below 
the protein sequence. (£) Sequence alignment of the 13 insertion with 
the analogous region of Drosophila dig. Amino acid identities are 
boxed, and conservative substitutions are indicated by "+." The 
first residue position is indicated in parentheses. 

eluding p55. Earlier homology searches of the sequence data 
banks revealed that nitric oxide synthase contains a single 
DHR segment (3), and we have found that a lymphocyte 
chemoattractant factor and the dystrophin-associated protein 
syntrophin (41) also contain DHR segments. Our demonstra- 
tion that protein 4.1 binds in vitro to the hdlg DHR domain 
provides evidence that this domain functions as a site for 
protein-protein interaction. Furthermore, preliminary exper- 
iments indicate that the hdlg DHR domain associates with at 
least two proteins in whole cell ly sates (data not shown). 

Our results also show that a second binding site for protein 
4.1 lies between the SH3 and GUK domains of alternatively 
spliced hdlg isoforms bearing the 13 insertion. The 34-aa long 
13 insertion is 38% identical to the analogous region in dig and 
may represent another conserved protein-binding domain 
(Fig. 6B). The significance of a distinct subset of hdlg 
molecules being able to bind protein 4.1 at two sites is 
unclear, but it is possible that the specificities of the two sites 
differ, with one having a higher affinity for another protein 
4.1-related family member. One site could, for example, 
facilitate membrane association at regions of cell-cell contact 
via protein 4.1 while the other is available for interactions 
with other related proteins. This possibility is consistent with 
the common subcellular localization of protein 4.1-related 
family members. Alternatively, a bivalent interaction with 
protein 4.1 might enable the formation of a physical network 
of hdlg molecules that could crosslink both protein 4.1 and its 
associated proteins. The presence of two alternatively 
spliced protein binding sites, II and 13, which bind SH3 
domains and protein 4.1, respectively, further suggests that 
various hdlg isoforms have distinct functions in the cell. 

The relationship between negative regulation of cell pro- 
liferation and the localization of tumor suppressor proteins at 
sites of cell-cell contact is not fully understood. In the case 
of dig, which localizes at septate junctions, a loss of cell-cell 
contact in the imaginal discs is an important characteristic of 
the mutant phenotype (2). Perhaps a causal relationship 
exists between structural changes in cell-cell contact and the 
more global event of cell transformation. The evidence we 
have presented here suggests that dlg-related proteins di- 
rectly interact with 4.1-related proteins, thus forming a 
complex between two families of structural and signal- 
transduction molecules. Indeed, the regulation of this com- 
plex at regions of cell-cell contact may dictate how structural 
proteins contribute to cellular homeostasis. 
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